A novel type of plasmonic light trapping structure is presented in this paper, composed of metal nanoparticles synthesized in colloidal solution and self-assembled in uniform long-range arrays using a wet-coating method. The high monodispersion in size and spherical shape of the gold colloids used in this work allows a precise match between their measured optical properties and electromagnetic simulations performed with Mie theory, and enables the full exploitation of their collective resonant plasmonic behavior for light-scattering applications. The colloidal arrays are integrated in plasmonic back reflector (PBR) structures aimed for light trapping in thin film solar cells. The PBRs exhibit high diffuse reflectance (up to 75%) in the red and near-infrared spectrum, which can pronouncedly enhance the near-bandgap photocurrent generated by the cells. Furthermore, the colloidal PBRs are fabricated by low-temperature (<120 C) processes that allow their implementation, as a final step of the cell construction, in typical commercial thin film devices generally fabricated in a superstrate configuration.
Introduction
The development of thin lm (TF) solar cells grown on inexpensive substrates (e.g. glass, polymeric materials) is regarded as one of the most promising strategies to lower the cost of photovoltaic (PV) electricity generation. [1] [2] [3] [4] However, the efficiencies of TF cells are still low compared to wafer-based devices, mainly due to their poor near-bandgap light absorption as a consequence of the reduced material thickness. Therefore, the implementation of efficient light trapping (LT) techniques in TF cells is crucial to increase the optical path length of such weakly absorbed light in the cells' material and, thereby, its probability of photocarrier generation. [5] [6] [7] [8] [9] [10] This allows reducing the cells' thickness without sacricing absorption, which enables not only lower material costs but also higher conversion efficiencies due to the lower bulk recombination and improved conditions for carrier collection.
The most common LT techniques are based on light scattering at rough interfaces, by texturing the substrates and/or electrodes that precede the absorber layers deposition. 7, 11, 12 However, such LT strategy is limited by the increased surface recombination and structural defects in the cell volume which are created during the deposition of thin lms on rough surfaces. The defects act as local current drains, degrading not only the short-circuit current (J SC ) but also open-circuit voltage, ll factor and reliability of the cells. Therefore, more advanced LT solutions should be developed for TF solar cells, able to increase their optical density without degrading their electrical performance.
While several solutions are under investigation using surface nano-patterning and passivation, 2, 8, 10, 11 in the last decade there has been a growing interest in the application of an alternative LT technique based on light scattering from metal nanoparticles (MNPs) sustaining localized surface plasmons (SPs). [13] [14] [15] [16] A key advantage of the SPs approach is that MNPs can strongly scatter light despite having dimensions much smaller than the illuminating wavelengths; whereas with the conventional texturing approach the dimensions of the textures should be of the order of magnitude of the wavelengths in order to scatter efficiently, making it difficult to provide LT in the longer wavelengths (nearinfrared, NIR) which are those more poorly absorbed by the cell material. 9, 17, 18 Moreover, the resonant scattering properties of MNPs can be tuned across the visible and NIR spectrum by changing their geometry, 19, 20 allowing their application not only in distinct types of solar cell designs but also in biosensing, LEDs, enhanced spectroscopy, near-eld microscopy, optical antennas, optical signal processing, etc.
In initial implementations, MNPs were placed at the front surface of the solar cells or inside the absorber layer. 13, 14, 21 In both congurations the application of MNPs reduces the cell efficiency due to their absorption losses, backscattering of light and non-radiative recombination of the photo-generated carriers at the metal-absorber interface. Thus, it is preferential to adopt what is known as a plasmonic back reector (PBR) conguration, in which the MNPs are placed at the rear of the cells incorporated in the back reector/contact. 13, [22] [23] [24] [25] In such a conguration the MNPs interact only with the longwavelength light which is not absorbed in the rst pass through the cell material. Such light is scattered by the nanoparticles and returns to the cell (either directly or via the back mirror layer) at oblique angles, thus traversing a longer path inside the absorber region. The PBR conguration also allows the decoupling of LT and anti-reection effects, enabling the use of a traditional anti-reection coating on the front surface of the cells.
Recently, PBRs have been shown to signicantly improve the efficiency of TF hydrogenated amorphous silicon (a-Si:H) 25, 26 and microcrystalline silicon (mc-Si:H) 27 solar cells, at the level of state-of-the-art surface texturing. For instance, in a-Si:H cells an increase of 27% in the near-bandgap (550-800 nm wavelength range) photocurrent and 25.4% in the efficiency was achieved with PBRs, as compared to respectively 25.7% and 23.8% obtained with texturing. 25 The MNP structures implemented in the PBRs are usually formed via a solid-state dewetting (SSD) process, by deposition of a thin precursor lm of silver (Ag) followed by annealing at temperatures of 300-500 C. 13, 23, 24 This forms self-assembled drop-like Ag particles with a attened roughly hemispherical shape. Although the SSD process is simple, cheap and suitable to implement in industrial production, it has the following main drawbacks:
(1) Broad dispersion in the particles size and shape. It is difficult to control the morphology of the obtained nanostructures which prevents obtaining the optimal resonant scattering at the spectral regions of interest.
(2) The unavoidable presence of small (<50 nm) particles, MNP geometries with high degrees of curvature and too high MNP surface coverage result in high dissipative light losses (parasitic absorption).
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(3) The high temperatures required for the annealing step forbid the formation of the MNP structures as a post-process on top of TF Si cells, since the Si-H bonds are damaged at temperatures T200 C. 28 Therefore, SSD-formed PBRs cannot be applied in commercial TF cells usually assembled with a superstrate conguration, which is the present industrial standard.
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The novel approach presented in this work is able to solve the aforementioned issues by using MNPs synthesized in colloidal solution and later patterned in uniform arrays, employing a controlled wet-coating technique.
16,29 Such a technique allows the self-assembly of mono-sized spherical MNPs (see bottom of Fig. 1 ) onto the surface of several materials via scalable, inexpensive and low-temperature (<120 C) processes that can be executed at the last stage of the solar cell construction and, therefore, implemented in both substrate and superstrate cell designs. The relatively low fabrication temperature also enables the application of colloidal PBRs in a broader range of solar cell substrates, such as in polymeric materials (e.g. polyethylene-naphtalate, 3 polyimide 4 ) that can be used in exible TF cells manufactured by roll-to-roll processes. Besides, this method allows control on the inter-particle spacing of the deposited MNPs and their surface coverage.
The chemical synthesis of colloids is currently the most reliable method to produce macroscopic amounts of nanoparticles with monodisperse physical properties, in order to minimize the inhomogeneous broadening of their collective response in functional materials. 16, 22, 30 The metals that allow strongest SP response are Ag and gold (Au), due to their low imaginary permittivity. Even though Ag would represent lower material costs, for the present studies Au colloids were used due to their high mono-dispersion in size and shape as well as chemical, thermal and environmental stability relative to Ag. We have observed that the deposited Au colloidal arrays are not affected by oxidation, as their optical properties match those determined from electromagnetic modeling with Mie theory and remain invariant over indenitely long time. In addition to providing LT, Au MNPs may also lower the Schottky barrier and improve the work function matching at the interface between the PBR structure and the absorber material of the cell.
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The substrate and superstrate PBR congurations analyzed in this work are sketched in the top of Fig. 1 . They are supported on glass substrates and are composed of an Ag mirror and a transparent conductive oxide (TCO) layer, made of aluminum zinc oxide (AZO), in which the MNPs are embedded.
The results described in this paper reveal that colloidal substrate-type PBRs can provide pronounced light diffusion and reection, comparable to the best state-of-the-art PBRs formed with SSD. The superstrate PBRs exhibit relatively worse optical performance, due to the unavoidable roughness in the Ag mirror, but should still allow considerable photocurrent enhancement in double-junction TF Si solar cells as those currently being commercialized. The left PBR is intended for the bottom contact of TF cells with a substrate configuration, whereas the right PBR is for cells with a superstrate configuration. In the former configuration the cell material would be placed onto the PBR, whereas in the latter it would be placed between the glass substrate and the AZO. Bottom: tilted and top-view scanning electron microscopy images of Au colloids with 200 nm diameter patterned on AZO.
Theoretical background
Sub-wavelength metal particles can act as antennas at optical frequencies, gathering light from their surroundings and scattering it to the far-eld over a broad angular range. This effect can be particularly pronounced in MNPs made of noble metals such as Ag or Au, due to their low imaginary permittivity, when the wavelength of the illuminating light matches the MNPs' SP resonances. When such resonances are excited they can decay radiatively, resulting in scattered light, or non-radiatively resulting in absorption. The sum of absorption and scattering is the extinction whose maxima occur at the SP wavelengths. In order to enhance LT in solar cells the MNPs should exhibit low absorption and large scattering in the visible (VIS) and NIR. 17, 19 An important advantage of colloidal MNP structures is that their optical response closely matches single-particle electromagnetic computations, since the colloids are synthesized with highly mono-dispersed sizes and spherical shapes, and with pure crystalline materials. Therefore, Mie theory formalisms can accurately calculate the scattering properties of such structures when they are embedded in a homogeneous medium. 16, 26, 31 Even though MNPs incorporated in PBRs are not surrounded by a uniform medium (see Fig. 1 ), Mie theory can still be used for a rst-order analytical prediction of their preferential sizes.
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The normalized scattering (Q SCA ) and absorption (Q ABS ) cross-sections are calculated by dividing, respectively, the total scattered and absorbed power by the incident intensity and by the geometrical cross-section of the particle. The sum of Q SCA and Q ABS is the normalized extinction cross-section (Q EXT ).
The performance (G) of a MNP for light scattering can be evaluated by the quantity G 300-2000 nm , given by the ratio between the average values of Q SCA and Q EXT determined by integrating the spectra of these quantities along the main solar wavelength range (300-2000 nm). 17, 26 This quantity is shown in Fig. 2 as a function of the MNP diameter (D), considering single Au nanospheres embedded in AZO. The Q SCA and Q ABS spectra are shown in the insets for three particle sizes. Q ABS is higher than Q SCA for particles with sizes up to about 50 nm, but as the diameter increases the MNPs radiate more efficiently and for sizes over 100 nm the extinction is dominated by scattering.
As seen in the insets of Fig. 2 , MNPs with sizes below 100 nm sustain a single dipolar SP mode in the scattering spectra, while bigger particles exhibit additional higher order modes. As the particle size increases, depolarization retardation effects and the higher number of multipolar modes broaden the Q SCA spectrum towards the NIR and hinder the efficiency of the resonant scattering process, which causes the saturation of the G curve.
14,23,24,32 Therefore, Au spheres with a size of 100 nm or higher are potentially favorable scatterers for LT application, but for sizes above 200 nm their performance is not expected to further improve signicantly. 13, 26 As such, and in order to minimize the roughness and material costs of the LT structure, the preferential MNP diameters should be in the range of 100-200 nm.
PBRs are particularly promising for application in TF Si solar cells, where the requirement for LT is strong since their absorption coefficient decreases substantially with increasing wavelength. 11, 33 In these cells, LT is primarily needed for wavelengths above 600 nm since for shorter wavelengths the light can be entirely absorbed in a rst pass through the cell material or by specular reection from a rear at mirror. 13, 34 For the case of typical single-junction a-Si:H cells, the Si layers have a thickness of about 300 nm and can only absorb light with a wavelength up to $800 nm. As such, due to the narrow LT spectral window of a-Si:H cells, particle sizes close to 100 nm are preferable since they produce a sharp and relatively high dipolar Q SCA peak centered at the 600-800 nm range, as shown in the middle inset of Fig. 2 . For the case of single-junction mcSi:H or double-junction a-Si:H/mc-Si:H solar cells, as those currently dominant in the TF PV market, the LT window ($600-1150 nm) extends further to the bandgap of c-Si. Therefore, for these cells a bigger particle size is preferable, such as the D ¼ 200 nm MNP shown in the right inset of Fig. 2 , that sustains a broader and more red-shied Q SCA dipolar peak and additional higher-order peaks at shorter wavelengths.
Colloidal Au nanospheres can be engineered to have Q SCA maxima that greatly exceed unity in an AZO medium, as shown in the insets of Fig. 2 . So, even an incomplete surface coverage of the particles can lead to scattering of all incident light.
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When the particles are located close to the solar cell material, a signicant fraction of their scattered light is coupled to the high refractive index medium (e.g. Si) of the cell over a large angular range, increasing the path length of the light in this medium and, consequently, the generated photocurrent.
23,35

Experimental methods
Crystalline gold colloids can be synthesized in aqueous solutions with an approximately spherical shape and any monodisperse size from tens to hundreds of nanometers. The colloidal solutions used here were purchased from BBI solutions and contain Au MNPs stabilized in water by organic capping molecules with negatively charged end-groups attached to their surface. The negative surface charge causes the particles to repeal each other and prevents their aggregation in water.
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A wet-coating technique was developed in this work to deposit such colloids, with sizes in the 100-200 nm range, on AZO layers. The technique consists of chemically functionalizing the AZO surface with a self-assembled monolayer (SAM) of molecular linkers with positively charged end-groups that attract the negatively charged particles. 16, 29 During the wetcoating the MNPs are free to diffuse across the surface, so once a particle adheres to the surface linkers its negative charge will repeal other MNPs from settling at the same location. In this way, a uniform array of mostly isolated particles is formed (as shown in Fig. 3 ) that can extend throughout the area of arbitrarily large samples. The average inter-particle distance is proportional to the MNPs' surface charge density; so it can be tuned by changing the capping agent, solvent liquid or pH of the solution. This allows the regulation of the particle density and level of aggregation on the surface, 30, 36 which is hard to achieve with the conventional technique of MNP formation by SSD discussed in Section 1.
The patterning method was applied in AZO-coated glass samples, with 2.5 Â 2.5 cm 2 area, and consists of the following steps:
(1) The AZO surface is hydrophilized by treating it in ultraviolet ozone (UVO) for 15 min and dipping it in DI water. This favours the formation of the SAM performed next.
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(2) The sample is dehydrated, by dipping in ethanol, and the surface is functionalized by immersion in a 1% dilution of APTMS [(3-aminopropyl)trimethoxysilane] in ethanol for 1 h.
This forms a positively charged amine-terminated SAM uniformly covering the AZO surface. 29, 30 In the literature, such functionalization is usually performed with aqueous aminosilane solutions, but it was observed that such solutions can partially remove the AZO layer during the immersion. Therefore, it is preferable to use alcohol solvents which preserve the AZO quality in this treatment.
(3) The sample is baked for 30 min at 110-120 C to strengthen the adhesion of the APTMS molecules to the AZO. (4) The sample surface is fully covered with 1.2 ml of the MNP solution for 2 h. During this period the negatively charged MNPs are uniformly deposited onto the APTMS-modied AZO surface.
(5) The sample is rinsed in DI water to remove the excess MNP solution and nally dried.
This electrostatic-based patterning approach is adaptable to any particle and substrate material as long as the surfaces can be functionalized with oppositely charged molecular linkers. Similar methods have been applied to different substrate (e.g. ITO, 36 Si, GaAs, 29 glass
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) and colloidal (e.g. Ag 29 ) materials. However, most contributions in the literature only report on the formation of arrays of small (D < 50 nm) MNPs onto SAMfunctionalized surfaces, which are not suitable for PV LT as discussed in Section 2. This is the rst time, to our knowledge, that uniform arrays of large (D > 100 nm) Au MNPs, ideal for fareld scattering, are patterned onto a TCO material. Colloids with such relatively big sizes tend to agglomerate into multilayer or three-dimensional aggregates, rather than forming monolayer single-particle arrays, due to their large van der Waals attractions and the easier loss of stabilizing capping molecules on their facets. 30 The wet-coating method used here is able to pattern MNPs with the big sizes favorable for PV LT (as described in Section 2) due to a careful selection and control in the chemical treatments of the surface (hydrophilization, SAM functionalization, drying conditions, etc.).
The top scanning electron microscopy (SEM) images in Fig. 3 show three distributions of Au MNPs obtained with colloidal solutions of 100, 150 and 200 nm particle diameters, deposited on AZO. The surface coverage, determined from a large number of SEM images, is around 4-5% for the three particle sizes. The images were acquired with Zeiss Supra 25 Field-Emission SEM equipment.
The wet-coating technique developed here allows the adjustment of the particle density on the surface via sequential depositions, by repeating the steps listed above as many times as desired. The bottom images in Fig. 3 show the distributions of Au NPs aer a second deposition, which increases the surface coverage to $8% similarly for the three particle sizes. This provides a more complete interaction between the incident light and the MNPs array. However, even though the MNPs are still predominantly present as individual isolated particles, the second deposition slightly increases the particle aggregates and inter-particle interactions which alter the MNPs plasmonic response and contribute to the light losses (parasitic absorption).
21,23
The AZO and Ag lms composing the structures analysed in this work were deposited with 13.56 MHz RF magnetron 
All the optical measurements were performed with a Varian Cary 500 double-beam scanning UV-Vis-NIR spectrophotometer equipped with a 4 inch integrating sphere.
Optical properties of colloidal plasmonic back reflectors
Comparison with Mie theory
The optical response of the obtained Au nano-sphere arrays can be directly compared with Mie theory calculations by embedding the particles in a homogeneous medium. The results are plotted in Fig. 4a which shows the total (reected plus transmitted) diffuse light from a 100 nm Au MNP array embedded in AZO, together with the Q SCA curve of a single particle (that is in the D ¼ 100 nm inset of Fig. 2) .
The AZO layers embedding the particles are thick enough to prevent the MNPs from signicantly interacting with the glass substrate and air interfaces, so the medium surrounding the nanoparticles can be considered uniform. Therefore, the measured diffuse light matches exactly the Q SCA peak, computed with Mie theory, corresponding to the dipolar SP resonance of the MNPs. This result of Fig. 4a supports several relevant aspects: (1) the physical properties (material, size, shape) of the Au MNPs are mono-disperse in the array and correspond precisely to the expected ones. (2) The distances between the deposited particles are long enough to prevent considerable inter-particle interactions. (3) The sputtering deposition of the AZO material on top of the MNPs does not affect the particles morphology. 22 
Substrate PBRs
As pointed out in Section 1, the preferential location of the MNP arrays in solar cells is in the rear contact, between the absorber layers and the back reector (BR). Typical BRs of TF Si cells are composed of a $100 nm thick Ag layer (the mirror) separated from the Si layers by an AZO layer with thickness of 50-100 nm. The Ag mirror, apart from being a highly conductive back contact, improves LT since light that is not initially coupled to the cells is given multiple reection opportunities. The AZO acts as an efficient adhesion and barrier layer, preventing possible carrier recombination and diffusion of metallic impurities to the cell material.
37 Therefore, the MNPs should be positioned inside such a protective AZO layer.
11, 18 The thickness of AZO separating the MNPs from the absorber layers should be thin (on the order of tens of nanometers) to allow a good coupling of the scattered light to the high-index cell material.
15,19,25
The layer structure of the two types of PBRs developed in this work is shown in Fig. 1 . We start by analyzing substrate-type PBRs which is the conguration employed in conventional state-of-the-art PBRs made with SSD-formed Ag NPs.
13,25-27
Colloidal PBRs aimed for TF cells with a substrate congu-ration were formed with the structure depicted in the top-le of Fig. 1 : glass substrate/Ag mirror (100 nm)/AZO spacer layer (t)/Au MNPs array/AZO cover layer (70 nm). The MNPs were deposited employing the wet-coating procedure described in Section 3, either with one or two sequential depositions (see Fig. 3 ). Fig. 4b shows the diffuse (R DIF ) and total (R TOT ) reectance obtained with a substrate PBR composed of a single deposition of Au colloids with 100 nm diameter. As a reference, the R TOT of a BR without MNPs is also shown. The PBR has a lower R TOT than the reference BR due to the loss of light caused by the MNPs (marked by the grey area termed absorption), as a consequence of parasitic absorption inside their material and possible dissipative interactions between the MNPs and the surrounding media. 34 The peak of such absorption is blueshied from the scattering peak of R DIF , as occurs with the Q ABS and Q SCA peaks in the D ¼ 100 nm inset of Fig. 2 .
The presence of the Ag mirror causes a red-shi of the R DIF peak relative to the peaks in Fig. 4a corresponding to particles embedded in AZO and computed with Mie theory. Besides, it enhances the peak intensity by a factor of almost two. This substantial enhancement indicates that the Ag mirror in the PBR not only reects the transmitted diffuse light coming from the MNPs, but also originates a constructive interaction with the particles that increases their scattered power relative to the case when they are immersed in a homogeneous medium. 34 Therefore, the separation between the nanoparticles and the Ag mirror is a crucial parameter in PBRs, which will be analyzed in more detail further below.
The amount of light scattered by the nanoparticles can be enhanced by increasing their density in the array, via two sequential colloidal depositions (see Fig. 3 ). The particles from the second deposition settle preferentially in the empty areas le by the particles of the rst deposition, due to the electrostatic repulsion between the colloids caused by their negatively charged capping molecules. As such, the surface coverage of individual particles is increased leading to a considerable enhancement in the diffuse light of the PBR. Fig. 5 shows the results of three PBRs with the same layer structure as that of Fig. 4b but with two sequential depositions in the Au MNPs array, composed of particles of three distinct diameters. The R DIF peak of the PBR with 100 nm MNPs is enhanced by a factor of 1.37, relative to that of Fig. 4b with a single deposition of nanoparticles, due to the higher number of individual MNPs. However, the R TOT is reduced by a factor of $0.87 and the R DIF peak becomes slightly broader and red-shifted as a consequence of the increased interparticle interactions.
As the MNP size increases to 150 and 200 nm the scattered light is pronouncedly enhanced and the R DIF maxima reach much higher values of 66% and 75%, respectively. These values are similar to those of the best-performing PBRs fabricated until now, with the conventional SSD method, implemented in TF Si cells. [25] [26] [27] The increase in the MNPs diameter also leads to a broadening and red-shi of the plasmonic resonances, as discussed in Section 2. Therefore, the 150 and 200 nm particles produce a much broader R DIF coverage of the NIR spectral range than the 100 nm particles.
As previously mentioned, the performance of PBRs is particularly sensitive to the spacing between the Ag mirror and the MNPs array. When a MNP is located in the proximity of a mirror, the interference between the incident electric eld and the elds reected from the mirror (both scattered and not scattered by the MNP) modies the driving eld that polarizes the particle and is particularly sensitive to the MNP-mirror separation distance and to the illumination wavelength.
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Therefore, for a given MNP distribution, the scattering spectrum of the PBR can be optimized by tuning the AZO spacer thickness to allow the highest possible constructive interference in the spectral range of interest.
We analyzed the reective properties of PBRs with different thicknesses (t) of the spacer AZO layer deposited between the mirror and the particles. The results are presented in Fig. 6 which shows the values of the average total (hR TOT i) and diffuse (hR DIF i) reectance in the 600-1150 nm wavelength range, corresponding to the LT window of single-junction mc-Si:H or double-junction a-Si:H/mc-Si:H solar cells. The PBRs contain a double deposition of D ¼ 100 nm Au MNPs and the layer structure shown in the inset of Fig. 6 . It can be observed that the thinner the spacer the higher the R DIF due to increased interaction between the MNPs and the Ag mirror, which boosts the scattering efficiency of the nanoparticles. The fact that R TOT decreases with the spacer thickness means that such an interaction also contributes to the parasitic absorption of the overall PBR. The PBRs of Fig. 4b and 5 have an AZO spacer layer with the smallest thickness plotted in Fig. 6 (t ¼ 35 nm) , which is the thickness that yields the highest R DIF and lowest R TOT from the set of PBRs investigated in Fig. 6 . For comparison, two points are shown in the gure with the hR TOT i and hR DIF i of a PBR with that same spacer thickness but with a D ¼ 100 nm MNP array formed from a single deposition. As expected, since this PBR has less MNP surface coverage, its R DIF is lower than that with a double MNP deposition but its R TOT is higher due to reduced parasitic absorption. The trends obtained in Fig. 6 are in accordance with those determined by Sesuraj et al. 34 Nevertheless, Sesuraj et al. also observed that for small (<40 nm) spacer thicknesses R DIF starts decreasing and R TOT increasing with decreasing t. So, irrespective of their size, the MNPs' radiative efficiency becomes quite low at very close (t < 10 nm) distances to the mirror and there is, therefore, an optimal distance around 40 nm where the scattered power peaks. Hence, the smallest spacer thickness investigated in this work (t ¼ 35 nm) should be close to the optimum.
Superstrate PBRs
Apart from the high monodispersion in size and shape of colloidal MNPs, one of their key technological advantages is that MNP structures can be formed by low temperature (<120 C) processes. Therefore, as mentioned in Section 1, colloidal PBRs can be integrated in a nal post-processing step in the fabrication of solar cells with a superstrate conguration, which is the conguration of the TF cells that are currently under industrial production.
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In this work we studied the performance of PBRs, aimed for superstrate cell congurations, with the structure depicted on the top-right of Fig. 1 : glass substrate/AZO bottom layer (250 nm)/Au MNPs array/AZO spacer layer (t)/Ag mirror (100 nm). The MNPs were deposited employing two sequential particle depositions. Fig. 7a shows the R TOT and R DIF of two such PBRs, measured from the glass side, with D ¼ 100 nm Au MNPs and distinct AZO spacer thickness. These PBRs have a much higher haze in reection (R DIF /R TOT ) than the substrate PBR shown in Fig. 5 with 100 nm MNPs, but a lower total reection. This is due to the roughness induced in the top Ag mirror caused by the conformal growth of the material over the AZO-covered MNPs. The roughness in the Ag mirror can be visualized in the SEMs of Fig. 7b , showing both semi-hemispherical hills caused by the MNPs' shape and smaller bumps over all the surface (see SEM with a higher magnication) caused by the roughness of the AZO material. These two types of roughness considerably increase the overall parasitic absorption in the PBR, and reduce the constructive interference of the electric elds reected from the mirror on the driving eld that polarizes the MNPs. Both these effects worsen the scattering performance (i.e. diffuse light) of these PBRs relative to the case of PBRs with a at mirror, as those of Section 4.2. Consequently, superstrate PBRs exhibit an opposite trend relative to the AZO spacer thickness than that observed in Fig. 6 , because the thicker the spacer the atter the mirror. Therefore, the R DIF of this type of PBRs increases with higher AZO spacer thickness, as observed in the examples of Fig. 7a . PBRs fabricated with thinner AZO spacers exhibited worse performance.
Bigger Au MNP sizes produce an enhanced scattering performance, as observed in Fig. 2 and 5, but in superstrate PBRs they also increase the hills in the Ag mirror (see SEMs in Fig. 7) . So, as shown in the results of Fig. 7b , the benecial effects of increasing the MNP diameter to 150 and 200 nm are hindered by the roughness that they generate in the mirror. Thus, the enhancement in R DIF when the MNP diameter is increased from 100 to 150 nm is much lower than that of Fig. 5 , and there is even a slight reduction in the maximum R DIF when the diameter is further increased from 150 to 200 nm.
Discussion of results
The optical properties of the PBRs analyzed in the previous section are affected when the structures are implemented in solar cells, since the light scattered from the MNPs and Ag mirror changes when they are placed close to a high refractive index medium such as silicon. The higher refractive index of such medium increases the amount of scattered light coupled to and trapped in the cell, but it also generates additional reected elds interacting with the MNPs plus mirror system that shall impose a trade-off on the optimal thickness of the AZO layer separating the particles from the cell material.
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These effects have not been considered in this study since it is mainly aimed at analyzing the light scattering elements regardless of the specic absorbing/receiving elements to which they can be coupled to. Nevertheless, in previous studies of PBRs implemented in Si solar cells, 18, 22, 23, [25] [26] [27] it has been observed that the spectra of diffuse light measured in the PBR structures alone correlate with the extinction enhancement that they produce, for wavelengths from 600 nm towards the IR, when implemented in the cells. Such light extinction ampli-cation is then observed to match the enhancement in the quantum efficiency spectrum of the devices, which implies that the additional light absorption in the cells caused by the PBRs is mainly translated into photocurrent, with a smaller percentage going into optical losses. Therefore, the optical results presented in Section 4 and summarized in Table 1 constitute reasonable quantities for a preliminary evaluation of the fabricated PBRs in view of their application for PV light trapping. Table 1 shows the average values of R DIF and R TOT , along the LT spectral window of TF Si cells, of the substrate and superstrate PBRs analyzed respectively in Fig. 5 and 7 . It is clear that the best-performing PBRs are those with the conventional substrate conguration, formed with 150 and 200 nm particles. Such colloidal PBRs exhibit an hR TOT i and hR DIF i similar to those of the best state-of-the-art PBRs, formed with the conventional SSD method, 26, 27 despite having a much lower MNP surface coverage ($8%). Even though SSD-formed PBRs exhibit a high surface coverage ($20-40%), the average Q SCA of their MNPs is decreased by the presence of small (D < 100 nm) particles which increase the parasitic absorption. 23, 24 The D ¼ 150 and 200 nm PBRs of Fig. 5 are formed with highly monodisperse distributions of high-Q SCA nanospheres. So, they exhibit a maximum R DIF close to R TOT , which implies that such structures provide an almost complete interaction with the incident light at the peak plasmonic resonance despite the relatively low concentration of MNPs on the surface.
In view of the above, the 150 and 200 nm substrate PBRs are expected to produce improvements in TF Si cells similar to those ($20% J SC enhancement) attained with state-of-the-art SSD-formed PBRs and conventional texturing.
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Such enhancements are still far from the theoretical ideal case of Lambertian reective structures, which can provide up to 42% and 100% increase in J SC in typical 300 nm-thick amorphous and 2 mm-thick crystalline Si TF cells, respectively.
2 The discrepancy between the real enhancements and those envisaged theoretically is mainly attributed to the parasitic absorption produced by the MNPs. 24 Therefore, the minimization of such absorption losses is an essential goal for further improvement of plasmonic LT for PV.
The PBRs with the novel superstrate conguration do not perform so well as the substrate ones due to the roughness induced in the rear mirror layer, but they still provide hR DIF i and hR TOT i in the NIR spectral region comparable to those achieved with standard SSD-formed PBRs reported in the literature. 18, 25, 34 Nevertheless, since superstrate PBRs are to be assembled on top of previously fabricated cells, they offer the important technological advantage of not introducing any roughness in the absorbing cell layers. As indicated by simulation and experimental results, large MNP sizes are preferable for efficient light scattering but, in a substrate conguration, they also contribute to the roughness in the TF cell material which can increase the current, voltage and ll factor losses via surface and bulk carrier recombination, as occurs with traditional texturing approaches. 11, 17, 19 In superstrate PBRs the photocurrent-generating cell layers remain perfectly at regardless of the MNP sizes used for LT, therefore this is the only conguration that allows maximizing the light absorption enhancement without compromising the electrical properties of the cell material.
Conclusions
Solution-based self-assembly provides a simple, scalable and inexpensive method for producing ensembles of colloidal MNPs in a controllable manner, in order to exploit their collective properties in functional devices. The colloidal Au nanoparticles used in this work were synthesized and patterned by simple and low-cost wet chemical methods that can be straightforwardly scaled up for full-size solar cell integration in mass manufacture. The particle deposition method developed here, driven by electrostatic interactions, is a self-controllable and highly parallel process which should allow the simultaneous fabrication of many devices. As an example, square-meter sized panels can be patterned by sequentially immersing them in baths of the appropriate solutions described in Section 3.
The fabrication and optical studies presented here show that colloidal PBRs are promising for application in TF PV. Not only for the technological possibilities that they enable due to the use of low-temperature manufacturing processes, but also for the fact that colloidal synthesis allows the integration of MNP structures with better physical properties (crystalline material, monodisperse size and shape distribution, controllable interparticle distance, etc.) than those of conventional PBRs composed of metal nano-drops formed by solid state dewetting of thin lms. Therefore, the application of such a novel colloidal LT approach in solar cells can allow higher conversion efficiency enhancements than those already observed with conventional SSD-formed PBRs.
The obtained results indicate that colloidal PBRs are particularly suited for implementation in TF Si cells, either composed of a mc-Si:H single junction or a a-Si:H/mc-Si:H double junction, whose LT window (600-1150 nm) matches the extension of the broad diffuse reectance peaks of the PBRs. Nevertheless, their optical properties can also be adapted to other types of solar cells that can benet from LT in the IR spectral range, by adjusting the MNPs geometry and/or MNPs-mirror separation distance, such as intermediate band solar cells. 6, 16, 20 A key solution for industrial implementation allowed by colloidal PBRs is the possibility to integrate them in a superstrate cell conguration, where they are assembled as a nal step on top of the previously grown solar cell layers. This would not be possible with the conventional SSD PBRs due to the relatively high temperatures required for their fabrication. The scattering performance of superstrate PBRs is limited by the roughness that the AZO-covered MNPs induce in the rear silver (Ag) mirror, so it could be substantially improved by developing a novel process able to atten the mirror, for instance by nano/ micro-scale polishing the top AZO layer.
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